Introduction
As a versatile crop, wheat is an essential part of the diet and food trade in many parts of the world (Uthayakumaran and Wrigley, 2010) . In Nepal, wheat is the third most important cereal after rice and maize in terms of area and production. Moreover, it is widely adopted across the country with cultivation ranging from 50 to 4000 m in elevation. It shares 16% of the total calorie and 20% of the total protein supplied from plant products in diets of both the hills and plains in Nepal (CBS, 2015) . The plains share 55% of the wheat area and contribute 62% to the total production, compared to 45% and 38%, respectively, by the hills (NARC, 2017) .
Good quality seed is considered as the most basic and cheapest, yet most critical input for enhancing productivity (Rana, 1997) . However, in Nepal, the seed replacement rate for wheat is only 13% (GoN, 2013) . Only 15-20% of the total quantity of wheat seed required for planting is supplied by seed producing agencies that have proper storage structures (warehouses) with moderate cooling and periodic drying facilities. The majority of the seed is exchanged among farmers and stored at room temperature in various kinds of storage materials such as plastic or fertilizer bags, and small to medium sized metal bins, with or without pesticides (FGD, 2013) . Seeds, being hygroscopic in nature, are prone to changes in moisture content in response to weather, which ultimately affects their quality during storage (Ellis and Roberts, 1980) . High temperature, seed moisture content and relative humidity during storage as well as poor on-farm storage facilities are the key reasons that lead to insect and mold infestation. Insect and pest damage are effectively responsible for most of the decline in quantity, quality, and germination potential of stored seed (Olakojo and Akinlosotu, 2004) . In Nepal, grain storage losses due to insect-pests, rodents and mold range from 15-30% annually (K.C., 1992). Thus, knowledge on proper seed and grain storage methods is important to minimize these storage losses (Kibar, 2015) .
The use of hermetically sealed bags such as SuperGrain bags (SGB) (GrainPro, 2017) and Purdue Improved Crop Storage (PICS) bags have been reported as alternative storage options to maintain quality of stored seeds and grain for many crops in Africa and South Asia (Afzal et al., 2017; De Groote et al., 2013; Murdock et al., 2012; Mutungi et al., 2014; Vales et al., 2014) . Hermetic storage refers to a modified atmosphere of low oxygen and high carbon dioxide (CO2) content created by respiration of living organisms such as insects. It is designed to protect stored agricultural commodities such as seeds, cereal grain, pulses, and coffee Chigoverah and Mvumi, 2016; Navarro, 2006; Villers et al., 2010) .
In Nepal, the storage season for wheat seed (May-October) is wet and humid, with >90% of the annual rainfall occurring during this period. Thus, preventing post-harvest losses while maintaining seed quality is a major challenge for small holder farmers in both the hills and plains. There is a need for economically feasible, less labor intensive, safe (no use of chemicals) and convenient (easy to transport) storage technology that would benefit farmers and reduce losses. The present study was therefore conducted to evaluate the performance of alternative storage devices in maintaining seed quality of wheat as well as being economically competitive with farmers' traditional storage practices in climatically and geographically distinct areas.
Materials and methods

Experimental sites
The experiments were conducted at two sites, Palpa (Madiphat) and Rupandehi (Basantapur and Dhagdahi), selected based on different ecology and climatic conditions. Madiphat lies in the midhills of Palpa at an altitude of 800 m, and has a cool but humid climate with annual rainfall of 1513 mm and temperature of 20.5°C on average. Rupandehi lies in central terai plains at an altitude of 99 m, and has a hot and humid climate with annual rainfall of 1762 mm and temperature of 25°C on average. In both areas, over 85% of the total annual rainfall occurs in the four months of JuneSeptember ( Fig.1) (MoSTE, 2014) . 
Experimental details and treatments
A participatory experiment was established in ten different wheat cultivating farmers' storage houses each in Rupandehi (terai plains) and Palpa (hills) in 2013. Five types of storage materials were evaluated at each site, i.e. traditional farmers' practice (FP), plastic bag with pesticide (celphus: a common pesticide used for storage pests), plastic bag without pesticide, metal bin and SuperGrain bag (GrainPro, 2017) . Individual farmers were considered as replications; hence, each treatment was replicated 10 times in both sites.
Wheat variety NL-297 was used for storage in all the treatments. Prior to storage, the seeds were dried down to at least 12% moisture and then cleaned by removing all the broken seeds and other inert material. The storage duration was six months (May-October), i.e., after wheat harvesting (April) to before wheat seeding (end of October). Twenty kg of seed was stored in each storage treatment except FP, where samples were taken from the farmer's storage method.
The metal bins were fabricated from gauge 24 galvanized metal sheets (0.51 mm) by locally trained tinsmiths and had a seed holding capacity of 30 kg. Plastic bags with dimensions of 80 cm (height) by 50 cm (width) and seed capacity of 50 kg were bought from the local market. Celphus was applied only once to the selected plastic bags at the beginning of the experiment. The SGBs were purchased from Mero Agro Pvt. Ltd. (Kathmandu, Nepal), a local product distributor of GrainPro, Inc. (Zambales, Philippines). These bags are manufactured using high density polyethylene that essentially reduces gas exchange from the stored product. After filling the bag with seed, the empty portion of the bag was squeezed to remove excess air. The opening was then closed by tightly twisting the free portion and sealing it with a special strap fastener provided with the bag. For air-tightness, the top of the bag was twisted twice, folded back and sealed with another fastener. As per recommendations, the SGBs were used as liner bags inside the polypropylene bags, which provide more support and ease in handling. The top of the outer bag was also fastened and sealed in the same manner.
Seed sampling and data collection
After six months of storage, all the treatments were taken out to an open space and the seed inside each was thoroughly mixed. From each storage treatment, two seed samples of ~500 g and ~200 g were taken to inspect for insect damage and for evaluation of seed germination and vigor, respectively. The samples were kept in clean, labeled plastic bags and transported to the laboratory.
Seed moisture content: It was measured immediately after sampling using a grain moisture meter (GMK-303CF. GrainPro, Inc., Zambales, Philippines).
In the laboratory, a sub-sample of ~200 g was taken to count for insect damage, and their number and weight were recorded. Seeds with holes and cracks in them were considered infested by insects. The count and weigh method, which is the most common method to measure loss by insects and pests in storage (Adams and Schulten, 1978) , was used for insect damage assessment.
Determination of seed germination and vigor
One hundred seeds were randomly drawn per household from each treatment for the lab germination test which was conducted at the National Seed Testing Laboratory in Bhairahawa. The seed samples were placed evenly in germination paper and rolled around in it; then, they were wetted with distilled water and placed in an incubator at 25° C for seven days. Moisture was maintained by misting with distilled water as needed.
For the field germination test, 100 randomly drawn seeds from each treatment were sown in line (one treatment per line) in a well-prepared field with sufficient soil moisture at the National Wheat Research Program (NWRP), Bhairahawa. Germination, expressed as a percentage, was indicated by appearance of sprouts for lab seeds and seedlings coming out from the soil for field seeds. The seed vigor represents a more sensitive parameter than the germination test and aims to classify seed with higher probability to perform well after sowing and/or during storage (Marcos Filho, 2015) . It was assessed based on germination percentage and seedling length, as suggested by Abdul-Baki and Anderson (1973).
Cost estimation for storage treatments.
The total cost involved in each storage treatment was calculated for storing one quintal of wheat seed. It included the cost of storage material and labor used for drying and storage for each treatment. Further, to understand the farmers' current practice for wheat storage, focus group discussions (FGDs) with 15 farmers in each group were carried out in both Rupandehi (3 FGDs) and Palpa (2 FDGs).
Statistical analysis
Data collected for different parameters were analyzed for analysis of variance (ANOVA) of completely randomized block design, considering farmers as replications using GenStat Version 18. Most variables were not normally distributed (except seed moisture content). Prior to analysis, the variables were transformed to normality using the Johnson Transformation Function of Minitab. Differences in locations and individual treatment effect were analyzed using Fisher's Protected Least Significant Difference (LSD) and treatment differences were considered statistically significant at p<0.05. Graphical representations were made in Sigma Plot version.
Results
Current farmers practice of wheat seed storage
From the FGDs, it was found that 70-75 % farmers stored wheat seed in fertilizer bags with 2-3 times sun drying during storage, while about 15-20% farmers' stored seed in metal bin with pesticide in both Rupandehi and Palpa districts. Ten percent of farmers used other storage structures, for example, mud bin, plastic bin, or plastic containers. In FGD, it was reported that 10-90% insect damage (10-80 % in Rupandehi, 15-90% in Palpa) occurred under the farmers' current method of storage in both districts.
Seed moisture content
After six months of storage, seed moisture content increased significantly (p < 0.001) from the initial level (~12%) in all treatments, with greater increment in Palpa (12.9-14.8 %) than in Rupandehi (9.3-13.1 %). In Palpa, a significant increase in seed moisture content was observed in plastic bags without pesticide (by 3%), followed by plastic bags with pesticide, metal bins and farmers' practice (by 2%), while that in SGB was <1%. In Rupandehi, the seed moisture content in SGBs and plastic bags with pesticide was unchanged, while it increased by 1% under metal bins and plastic bags with pesticide. Conversely, the moisture content dropped down to 9% under the farmers' storage practice, which could be attributed to frequent sun-drying, higher air temperature, and comparatively low rainfall ( Fig. 6; Fig. 1 ).
Insect damage
Significant treatment effect (p=0.01) was observed in the insect damage levels in both the study sites. In Palpa, insect infestation was the highest in plastic bags without pesticide (14±3%), followed by metal bin storage (9±2%), plastic with pesticide (3.2%), FP (2.4%) and SGB (< 1%) at the end of the storage period. In Rupandehi, seed stored in metal bins had the highest level of damage (10±2%) followed by plastic bags without pesticide and farmers' method (3-4%), while plastic bags with pesticide and SGBs were found to have negligible damage. In both the locations, seed stored in SGBs showed negligible insect infestation (Fig. 2) . 
Seed germination and vigor
Seed obtained from all storage treatments in Palpa showed significantly lower (p=0.02) germination percentage than in Rupandehi, which is a similar trend to that of seed moisture content (Fig. 3A) . A significant treatment effect was observed in both lab and field-tested germination percentage in both locations. In Palpa, seed from plastic bags without pesticide showed the lowest germination percentage (63% lab, 43% field), followed by metal bin storage (66.3% lab, 56% field), FP (69.3% lab, 53% field), plastic bags with pesticide (75.2% lab, 51.5% field) and SGBs (90% lab, 68% field) (Fig.3) . In Rupandehi, the seed in metal bins showed the lowest germination percentage (67% lab, 50% field), followed by plastic bags without pesticide (81% lab, 54% field), FP (90% lab, 56% field) and plastic bags with pesticide (89% lab, 65.4% field). The highest germination percentage was observed in SGB storage (92.8% lab, 69% field) as seen in Figure 3 . Similarly, the vigor test resulted is comparable results as the lab germination test for all the storage treatments in the two locations. SGBs showed higher vigor percentage (~80%) than other treatments in both the locations. The seed from FP treatment in Palpa resulted in low vigor (~50%) while that for the other methods ranged from 60 to 70% (Fig. 4) . 
Cost involved with different storage structures
The total cost to store per quintal of wheat seed under different methods involves the cost of material and labor used for sun-drying, and storage and fabrication (in case of metal bins) of the storage structure. In terms of individual costs, the initial investment with metal bins was significantly higher ($18 per 100 kg) than the other storage structures tested in this study (Fig. 5) . The cost of SGBs and FP storage method was $6 and $5 per 100 kg, respectively, which is one-third of the cost of metal bins. Moreover, the plastic bags with and without pesticide cost less than half of the SGBs and farmers' traditional practice (Fig. 5) . 
Discussion
In the six-month storage period, seed moisture content of all treatments increased. The increment was greater in hills compared to terai plains, which could be related to higher rainfall (Palpa: 2375 mm vs. Rupandehi: 1797 mm), more rainy days (Palpa: 85 days vs Rup: 70 days) and lower average temperature (Palpa: 23° C vs. Rup: 29° C) during storage period (Fig. 6) . Interestingly, lower moisture and insect damage, and better germination percentage were observed under the farmers' method in terai plains. It suggests that farmers can maintain seed quality under ordinary storage structures to some extent in high temperature and low rainfall areas if they frequently check and dry their seed and grain during storage. Seed stored in the SGBs maintained low moisture content with higher seed germination, seed vigor (Fig. 4) and less insect damage (Fig. 2) compared to other storage methods evaluated in both ecologies. It shows that maintaining wheat seed storage quality is more challenging under the ordinary storage method in the hills with higher rainfall and lower temperature than in the terai plains. Further, the higher germination percentage and lower insect infestation under SGB storage was mainly due to maintaining low seed moisture during storage. It is known that every 1 % increase in seed moisture content reduces the seed shelf-life by half (Harrington, 1972) . This shows that the hermetic SGBs were mostly successful in preventing moisture migration during storage in both ecologies, which was also observed in findings from previous work (Edoh Ognakossan et al., 2013; Navarro et al., 2002) . In Kenya, Ndegwa et al. (2016) observed that after four months of storage, grain damage was 14% in farmers' storage methods and only 4% in hermetic bags. Baribusta et al. (2014) also found that airtightness of hermetic bags resulted in low oxygen and water vapor permeability, ultimately leading to low grain moisture variation during storage. However, some fluctuation in moisture content was observed in the SGBs, which can be attributed to the loss of air-tightness in storage containers as observed by Chigoverah and Mvumi (2016) .
Increased seed moisture content in plastic bags without pesticide in Palpa can be directly linked to higher insect damage (Fig.2) , since insects and pests thrive at high moisture conditions. Moreover, the germination percentage for the same was lower than other treatments which can also be ascribed to the higher insect damage. Rodent and insect damage to polypropylene bags has been found to be common in on-farm storage (Ndegwa et al., 2016) . The use of a pesticide (celphus) in plastic bags was somewhat effective in reducing insect infestation and maintaining higher germination percentage compared to seed stored in plastic bags without the pesticide. Moreover, the effectiveness of pesticides in controlling insect infestation is well documented (Dales and Golob, 1997; De Groote et al., 2013; Golob et al., 1985) . However, use of chemical pesticides in storage may be hazardous if the farmers do not take proper precautions in choosing pesticides and handling them. Again, pesticides may degrade rapidly in tropical climates because of the high temperatures and humidity (Vales et al., 2014 ).
Metal bins were not able to control insect infestation despite the large investment. The insect damage in the bins was higher compared to other treatments, even the farmers' method (Fig 2) , which further led to lower germination (Fig. 3) and vigor of the stored seed (Fig. 4) . One of the possible explanations is that the bins were not sufficiently air-tight and the hot and humid climate caused an increase in moisture and in the stress levels of the seed. Another likely reason is believed to be the fact that the bins were only filled up to ~15 kg when the total capacity was 20 kg, which might have left room for enough oxygen for insects to thrive. Hence, it is strongly advised that standardized procedures such as filling grain or seed up to the brim are followed, and artisan trainings are provided during metal bin fabrication to ensure airtightness of the containers. Chigoverah and Mvumi (2016) found that non-standardization of metal bin fabrication procedure, subjective air-tightness testing, and varying artisan experience may result in variable field performance of the technology. They observed loss of airtightness especially at joints near the inlet.
The cost involved for storing seed in SGB was comparable with the farmer's method (Fig. 5) and cheaper than the metal bin, which shows that it can be economical and potentially affordable to the small to medium farmers. For large-scale adoption of hermetic bags, farmers must know or be made aware of the technology, which leads to them expressing their demand for it. It would help if the farmers are in easy geographical reach to make the bags affordable in a sustainable way. Moreover, further communication, awareness programs, and trainings are recommended to inform extension workers and farmers on the importance of drying their seed and grain prior to storage as well as the benefits of hermetic storage. Ndegwa et al. (2016) reported that under basic price, hermetic bags become potentially profitable if they last for four seasons or more, when used for at least four months per season. Among the several hermetic storage bags available in the market, it is important to evaluate their efficiency and durability to maintain seed/grain quality and economics for storing different crops.
